ABSTRACT: Fertilization efficiency in free-spawning invertebrates in the marine environment depends on the complex interaction between biological and physical factors. Experimental evidence indicates that in some taxa, a considerable amount of fertilization may take place on the substrate and within flow structures in close proximity to a spawning female. Gametes can be retained on a spawning animal, resulting in their slow release over relatively long periods of time, and retained eggs can be fertilized before they are released into the water column. Hydrodynamic conditions are likely to influence both the retention of gametes and their subsequent mixing in the water column as well as the relative importance of fertilization in the water column and in other locations near spawning animals. Here, fertilization in the broadcast-spawning sea urchin Strongylocentrotus droebachiensis was explored over a range of flow velocities (u-= 2 to 15 cm s −1 ) to determine the effect of velocity on fertilization and the relative contribution of different locations (aboral surface of the female, water column, wake, and the substrate behind the female) to overall fertilization. As velocity increased, the percentage of eggs fertilized declined in all locations. At all velocities, more eggs were fertilized on the aboral surface than in the water column. Further, as velocity increased, the relative contribution of the aboral surface to overall fertilization increased. These results highlight the importance of considering the interaction of hydrodynamics, organism morphology, and gamete properties in studies of fertilization in broadcast-spawning invertebrates.
INTRODUCTION
Fertilization in broadcast-spawning marine invertebrates occurs within the context of complex interactions between hydrodynamic conditions and gamete properties. In the simplest view, gametes are released from a spawning animal and mix in the water column where fertilization occurs. In this scenario, hydrodynamic conditions and gamete properties that influence rates of mixing in the water column control the efficiency of fertilization. This perspective has provided a detailed view of controls on fertilization and has greatly expanded our understanding of how hydrodynamics and gamete properties influence fertilization (Denny et al. 1992 , Mead & Denny 1995 , Levitan 2002 , 2004 , 2005 , Crimaldi & Browning 2004 , Levitan & Ferrell 2006 , Gaylord 2008 , Crimaldi 2012 . However, fertilization in broadcast-spawning inverte-brates is influenced by a wider suite of processes than just those that control mixing of gametes in the water column. Spawn is viscous (Thomas 1994a ) and can be retained on animals, where fertilization may occur as eggs are released (Svane & Havenhand 1993 , Marshall 2002 ,Yund & Meidel 2003 , or within clouds or strings of sperm formed on the surface of a spawning male. Experimental evidence indicates that in some taxa that project above the substrate, fertilization can take place on the surface of spawning animals and within the turbulent wake formed behind these animals; gametes may also sink to the substrate where fertilization occurs. Therefore, fertilization may better be viewed as a complex process that includes mixing of gametes in the water column as only one of the major component processes.
Hydrodynamic regime is also likely to play a complex role in fertilization beyond that understood to control rates of mixing in the water column. Turbulence and velocity of water affects the retention of gametes on the surface of an animal (Thomas 1994a ; also see Fredsoe & Deigaard 1992 , Gyr & Kinzelbach 2003 for effects of hydrodynamics on general particle transport) and the size and shape of the wake formed behind the animal. Spawning occurs within the benthic boundary layer, and the movement of gametes into free-stream flows may be limited (Jumars et al. 2001) , although some organisms may adopt behaviors that minimize boundary layer effects (Himmelman et al. 2008) . Thus hydrodynamic regime is likely to influence the relative importance of processes occurring in different locations around a spawning animal to overall fertilization.
Fertilization has also been viewed primarily as a short-term process where rates of mixing in the water column quickly reduce the probability of fertilization to very low levels after gamete release. However, gametes can be retained on the surface of an animal for long periods of time (Svane & Havenhand 1993 , Marshall 2002 and form clumps or strings that float in the water column, thus releasing eggs or sperm over time (Thomas 1994a) . This retention can result in fertilizations occurring over a relatively long time frame (Yund & Meidel 2003) . The length of time over which these processes impact fertilization is influenced by hydrodynamic control on gamete retention and mixing within the water column. Thus fertilization not only occurs in multiple locations around a spawning animal but also over a changing time frame. The relative importance of different locations and the length of time fertilization occurs are modulated by the interaction of gamete properties and local hydrodynamic conditions. Echinoids have been the principal model system for studying ecological questions about fertilization in broadcast-spawning animals. Many studies on this group have used containers of eggs to examine fertilization in the water column in the absence of a female (Pennington 1985 , Levitan et al. 1992 , Levitan & Young 1995 , Wahle & Peckham 1999 , Gaudette et al. 2006 or sampled eggs in the water column after release from a spawning animal (Franke et al. 2002 , Levitan 2002 , 2004 , 2005 , Levitan & Ferrell 2006 . Thus none of these studies attempted to examine the complex interactions among flow, morphology, hydrodynamics, and location-specific fertilization. To date, the study of the effects of flow on location-specific fertilization in echinoids has been limited to a comparison among the percentage of eggs fertilized in different locations under only 2 controlled flow conditions (Yund & Meidel 2003) . Also because the numbers of eggs fertilized in these locations was not quantified, we do not know how the relative importance of different locations to total fertilization (actual percentage of spawned eggs fertilized) varies with flow conditions.
Here we advance our understanding of fertilization in broadcast-spawning invertebrates by examining fertilization in the green sea urchin Strongylocentrotus droebachiensis. We quantified (1) fertilization over a broad range of flow velocities, (2) the effects of time on fertilization under different flow conditions, and (3) the relative contribution of different locations to total fertilization.
METHODS AND MATERIALS

Assessing fertilization
To assess effects of hydrodynamics, time, and location on fertilization in the green sea urchin, we conducted a series of experiments between 7 February and 7 March 2006 in a flow-through flume similar to that used by Yund & Meidel (2003) . The working section was a 3 × 0.5 m rectangular box, filled to a depth of 0.2 m. A condenser, collimator, and baffle in the entrance region were used to ensure a uniform distribution of flow in the working section of the flume. To provide a uniform rough surface, the floor of the flume was covered with Lego™ base plates (0.25 × 0.25 m) glued to a 0.09 m thick acrylic sheet. Urchins were secured to this base at fixed positions at the center of the flume (y-axis) so that the male and female urchins were located 1.8 and 2.8 m, respectively, downstream from the entrance to the working section. Fertilization experiments were conducted at 4 mainstream flow velocities of 2, 5, 10, and 15 cm s −1 (3 replicates per velocity). These mean velocities are within the range typically measured for tidal currents in protected sea urchin habitats of the Gulf of Maine (Gaudette et al. 2006, P. Yund & F. Thomas unpubl. data: velocity at 10 cm above the bottom in the field; range 0.02−0.12, mean = 0.06, SD = 0.03). Velocity data in the streamwise (x), cross-stream (y), and horizontal (z) directions (velocities hereafter labeled u, v, and w, respectively) were recorded at 16 Hz for 5 min bursts every 30 min with an acoustic Doppler velocimeter (ADV; SonTek ADVField) during each experimental run. The ADV was positioned 12 cm above the substrate and 20 cm upstream of the female sea urchin. For each velocity, the flow characteristics within the flume were characterized from profiles taken across the flume and across depths to ensure that there was a developed boundary layer and that there were no significant secondary flows across the flume. During each fertilization trial, we calculated both mean velocity (u-) and a measure of turbulence (total kinetic energy, TKE = 0.
, where u', v', w' are fluctuations in velocity; Denny 1988 , Nikora et al. 1998 . Data were filtered prior to calculations using established techniques (Nikora et al. 1998) .
Urchins were collected from the northern coast of Maine (USA) and kept in flow-through tanks at ambient seawater temperatures (1−4°C). Urchins used for experiments had mean ± SE test diameters of 6.9 ± 0.12 cm and were induced to spawn via 3.0 to 5.0 ml injections of 0.5 M KCl. Injection of KCl is a standard technique that produces gamete release similar to natural spawning events and has been used in numerous fertilization experiments (Pennington 1985 , Levitan et al. 1992 , Levitan & Young 1995 , Wahle & Peckham 1999 , Franke et al. 2002 , Levitan 2002 , 2004 , 2005 , Levitan & Ferrell 2006 . When spawning began, 1 male and 1 female were placed in the flume at one of the trial velocities. Piles of gametes on the aboral surface of spawning animals thus formed while urchins were in flowing water and not prior to the experiment.
The first sample of eggs was collected either 5 (for the 10 and 15 cm s −1 trials) or 10 min (2 and 5 cm s −1 ) after placing the urchins in the flume. To explore possible variation in fertilization with time, we sampled each trial at 4 to 6 different times. Sample times were evenly spaced throughout the period in which gametes were present on the spawning animals, but because the retention time of gametes on the surface of adults decreased with increasing velocity, sampling intervals and duration were inversely related to velocity. Sampling was terminated when either 6 samples had been collected or when eggs or sperm were no longer visible on the aboral surface (i.e. no further fertilization was possible).
At each time point, contemporaneous samples were collected at the following locations ( Fig. 1): (1) top of the egg mass on the aboral surface; (2) substrate immediately downstream of the female; (3) wake, 5 cm downstream; (4) water column, 50 cm downstream of the female at a height approximately 10 cm above the substrate. The water column was sampled for 1 min with an open-ended 11.5 cm diameter cylinder with 35 µm mesh walls and base. Sampling for 1 min may result in some fertilization occurring in the sampling process, which may overestimate the contribution of the water column to overall fertilization (i.e. bias our results against detecting non-water-column fertilization). However, fertilization envelopes (our assay of fertilization) also take 1 min to form, so any apparent inflation of water column fertilization should have been minimal. Samples were collected from the wake with a 50 ml syringe with an extension tube. Eggs sampled from the water column and wake were rinsed with seawater (aged for 24−48 h to eliminate ambient sperm) into glass vials and fixed with a mixture of 2 ml 37% formaldehyde and 10 ml aged seawater within 1 min of collection. Eggs on the aboral surface and substrate were collected from the surface layer of their respective piles with a pipette and fixed in 5 ml aged seawater and 1.5 ml 37% formaldehyde within 1 min of collection.
The percentage of eggs fertilized (PF) for each sample was calculated from all eggs collected or from a random sample of 100 if ≥100 eggs were collected; samples with <10 eggs were not included in the analysis. Eggs were considered fertilized if a fertilization membrane was present. A control sample of eggs and sperm was assessed before the start of each experiment for: (1) the presence of fertilization envelopes (indicative of mechanical damage or sperm contamination), (2) the presence of immature eggs, (3) the ability of each male/ female pair to fertilize (sensu Palumbi 1999 , Levitan & Ferrell 2006 ; > 95% fertilization required to continue the trial). To test for background sperm in the seawater, 1 control trial with no male urchin was conducted at each mainstream velocity.
To check for an indication of polyspermy or false fertilization envelopes from physical damage, samples were collected from the water column, substrate, and aboral surface at the third time point, placed into aged seawater, refrigerated at 4°C for 8 h, and then assayed for development. Eggs with fertilization envelopes that failed to cleave were considered to have either physical damage or developmental abnormalities, possibly due to polyspermy.
Effect of hydrodynamics on fertilization
The percentages of eggs fertilized at each location ( Fig.1; water column, wake, substrate, aboral surface) were compared to u-and TKE of the flow using regression of the arcsine-transformed values of the mean. Since TKE and u-are highly correlated, we used the residuals of the regression of TKE versus u-to test for any added levels of prediction offered by in cluding TKE. Analysis of covariance (ANCOVA) was not used because samples were not independent (eggs from one location could transit to other locations).
The above calculation provides an overall estimate of the PF at each location under each set of hydrodynamic conditions, but does not give an indication of how many eggs were fertilized in each location. To determine the contribution of different locations to fertilization, we estimated the number of eggs that were in each location over the course of the experiment and calculated the proportion of fertilization attributable to each location. We excluded the wake location from the analysis because it was not possible to quantify the numbers of eggs transiting the wake.
Determination of numbers of eggs in each location
Piles of eggs formed on the substrate and on the aboral surface of the urchin under most flow conditions. Because we could not destructively sample these piles without interfering with fertilization during the experiments, we established a relationship between the number of eggs in the piles and the volume of the piles estimated from photographs in 6 preliminary trials for this purpose. We allowed 6 female urchins to spawn for 1 h at a very slow flow (2 cm s −1 ) and then collected and counted all of the eggs on the aboral surface and in piles that formed on the substrate at the base of the urchin. Due to the slow flow, there was little advection of eggs from the surface of the female or from the substrate piles. The average number of eggs spawned by a female urchin (E spawn ) was 2.2 × 10 7 , SD = 4.5 × 10 5 . Volumes of the piles were estimated from photographs from the side and top using Image-Pro ® Plus (Media Cybernetics, version 4.1 for Windows™), based on equations for the closest simple geometric shapes (i.e. cones and ellipses). We then regressed the number of eggs enumerated versus volume of piles estimated from photographs, yielding good approximations (Aboral = 13 × 10 4 eggs ml −1 , R 2 = 0.92, n = 6; Substrate = 5 × 10 4 eggs ml −1 , R 2 = 0.88, n = 6). Residuals from these regressions were randomly distributed, suggesting that no systematic error in estimating egg numbers occurred in larger-or smaller-volume piles. The differences in numbers of eggs per volume in the 2 locations is likely due to hydration of the egg jelly coat over time and the long retention time of eggs on the substrate at the flow speed used (2 cm s −1 ).
Aboral
All eggs spawned were assumed to transit the aboral surface; thus E aboral = E spawn . At the end of some trials, a pile of eggs remained on the aboral surface (E left ). The volumes of these piles were estimated from photographs via the regressions of enumerated eggs versus photo-estimated volume described above.
Substrate
We estimated the total number of eggs in substrate piles at each sampling period ε(t), from photographs as described above. The number of eggs in the substrate pile results from 2 processes: eggs are added by falling from the aboral surface of the urchin into the pile and eggs are lost from the pile through resuspension or bedload transfer. To estimate the total number of eggs that pass through the piles during an entire fertilization trial (E substrate ), we need to account for both processes. While eggs are still being re leased from the urchin (from t = 0 to t = t max ), we assumed that eggs arrive into the substrate pile at an unknown but constant rate, r p (eggs min −1 ); the total number of eggs that arrive in the pile is r p t max . Eggs are lost from the pile as a constant proportion of pile size, kε(t), where ε(t) is the number of eggs in the pile at time t. Therefore, during egg release, the dynamics of the pile can be described by the differential equation ε = r p − ke(t), which integrates to (1) Once eggs no longer arrive from the aboral surface (at t max ), the egg pile simply declines exponentially:
We determined t max and ε(t max ) directly from the data: ε(t max ) is the maximum number of eggs measured and t max is the time of that measurement. We estimated k from the rate of exponential decline when (t > t max ) (Eq. 2). To estimate r p , we fit the data from t ≤ t max to Eq. (1) using the estimated value of k. We estimated the total number of eggs that remained or passed through the substrate pile as E substrate = r p t max .
Water column
Eggs that did not pass through the substrate pile or remain on the aboral surface were assumed to enter the water column directly from the aboral surface. While some eggs passing through the substrate piles may have been resuspended into the water column, observation suggested that most eggs were transported for some distance as bedload, and the minority that subsequently entered the water column did so well downstream of the site of water column sampling. Consequently, we assumed that all of the eggs from the substrate were transported as bedload and did not enter the water column (at least on the spatial scale of our experiment). Thus the total number of eggs entering the water column (E water ) was calculated as the total number of eggs spawned minus the eggs transiting the substrate pile and those left on the aboral surface after the trial (E water = E spawn − E substrate − E left ).
Calculation of the percentage of total fertilization and relative contribution of location
We combined our estimates of the number of eggs passing through each location and the PF at each location to estimate the number of eggs fertilized (NFT) at each location. Eggs on the aboral surface were simply assumed to be fertilized at the level measured during the experiments (NFT aboral = PF aboral × E spawn ). In the substrate piles, some eggs arrive in the pile previously fertilized at the aboral surface and then additional fertilizations occur on the substrate [NFT substrate = (PF aboral − PF substrate ) × E substrate ]. Similarly in the water column, some eggs arrive fertilized from the aboral surface and others are fertilized in the water column [NFT water = (PF aboral − PF water ) × E water ]. For each location, we calculated the mean and SE of the number of eggs that were fertilized for low (< 5 cm s , n = 3) velocity categories. Each mean includes the estimation error for each run and the SE simply represents the error among these means. From these we calculated the proportion of eggs fertilized (PTF = NTP location /E spawn ) at each location and estimated the relative contribution (RCO) of each location to overall fertilization occurring within each velocity category.
Spawn viscosity
For each of the 3 batches of urchins collected, we measured the viscosity of gametes from 3 males and 3 females with a cone and plate viscometer (Brookfield model DV-II) over a range of 8 shear rates (0.6 to 120 s −1 ) at a temperature of 0°C. A power function of viscosity versus shear rate yields a proportionality constant k, where higher values of k indicate a greater apparent viscosity for the fluids over all shear rates (see Thomas 1994a ). An ANOVA (JMP 4.0.4; SAS Institute) was used to test differences in this apparent viscosity among gender and batch.
RESULTS
PF was low during the first time period for each location sampled (Fig. 2) at all 4 nominal velocities. After this initial sample, PF reached a maximal level and at lower velocities remained relatively constant throughout the experimental time period as long as gametes were present. At higher velocities, PF increased throughout the experiment in some locations (Fig. 2) . This trend occurred at least in part because all eggs had been advected from the females before the period of maximum fertilization observed in slower flow experiments. Measurements at higher flows necessarily represent fertilization over shorter time frames than those at slower rates because eggs are transported out of the experimental area.
PF was significantly dependent on u-, at all locations (Fig. 3, Table 1 ). Adding the effects of TKE on fertilization by regressing the residuals of u-versus fertilization on TKE did not yield a significant re gression (ANOVA, df = 11, p > 0.4, R 2 < 0.1) for any position. Controls to determine background sperm in the flume indicated that no sperm were present. Indicators of polyspermy and egg damage were minimal in all experiments. On average, > 90% of the fertilized eggs developed. There was no significant re gression between percentage of the fertilized eggs that subsequently developed and u-, or lo ca tion (ANOVA, df = 2, F = 0.45, p > 0.5).
The percentage of total eggs spawned that were fertilized (PFT) in the water column, aboral surface, and substrate declined with increasing velocity (Fig. 4A) . The relative importance of the different locations varied with velocity, with the substrate playing a substantial role in total fertilization at low velocity and making no contribution at the highest velocity category. The de cline in importance of the substrate was due to both the decrease in the percentage of eggs fertilized at this location with flow ( Fig. 3C ) and the decrease in size of piles formed. Locations local to the female urchin (aboral and substrate) represented approximately 80% of the eggs that were fertilized across all of the velocity categories (Fig. 4B) , with the contribution of the aboral surface to overall fertilization increasing with increasing ve lo city. Thus fertilization at locations close to the female made a large contribution to overall fertilization under the range of hydrodynamic conditions tested. Water column fertilization played a less important role than local fertilization overall, and its contribution to fertilization declined with increasing velocity. There were no significant effects of gender or batch of urchins in the apparent viscosity (k) of gametes over the spawning season (ANOVA, df = 2, F batch = 2.3, F gender = 3.3, p batch > 0.13, p gender > 0.09). Although the differences were not significant, apparent viscosity of the gametes ranged from 2.7 to 3.9 Pa s among batches and tended to be higher for females (3.6 Pa s) than for males (2.7 Pa s). Variation in viscosity among individuals was higher than any systematic gender or batch effects.
DISCUSSION
Our results emphasize the importance of time, hydrodynamics, and location relative to the female on fertilization in the green sea urchin Strongylocentrotus droebachiensis. We found negative relationships between water velocity and both the percent- Table 1 . Regression analysis (arcsine transformed PF versus ln u-) of percent fertilization of Strongylocentrotus droeba chi ensis eggs versus flow velocity (see Fig. 3 ) for eggs in 4 locations relative to the female (see Fig. 1 Table 1 Fig . 4 . Strongylocentrotus droebachiensis. Estimate of (A) the percentage of the total number of eggs spawned that were fertilized and (B) the relative contribution to overall fertilization at the aboral surface, the substrate, and in the water column as a function of velocity (u-) categories: low (< 5 cm s ). Error bars: SEM. Note that local fertilization plays an important role in fertilization at all velocities age of eggs fertilized (Fig. 3) and the proportion of eggs that were fertilized (Fig. 4A) at each location. Hydrodynamics also influenced the relative importance of different locations to overall fertilization (Fig. 4B) . At all flows, local fertilization (aboral surface + substrate) contributed a major portion of the total portion of eggs fertilized, and the relative contribution of the aboral surface to overall fertilization increased at higher flows. This is an important result, as it implies that eggs are fertilized as they are released from a female so processes that control egg and sperm mixing at this location could be far more important than previously thought.
Flow conditions played a major role in fertilization in these broadcast-spawning animals, and more fertilization occurred near the female than in the water column. However, our simple experiments pairing 1 female and 1 male within close proximity could under-estimate the importance of water column fertilization if eggs continue to encounter sperm plumes from other males as they are advected downstream. This scenario might occur in a widely distributed, synchronized natural spawning event (Himmelman et al. 2008) .
The interactions of small-scale hydrodynamic conditions, urchin morphology, and spawn viscosity contribute to the retention of gametes on the aboral surface. In females, retention enables fertilization at this location, while in males, it results in the formation of sperm clumps and strings (Thomas 1994a ) that contribute to sperm longevity and thus the long time course of fertilization (Meidel & Yund 2001 ,Yund & Meidel 2003 . The spawn of Strongylocentrotus droebachiensis is retained because of its high viscosity. Female spawn was within the range of those re ported for other urchins (3.6 to 6.8 Pa s, Thomas 1994a), while viscosity values for sperm were higher compared to other species surveyed (k = 1.5 Pa s, Thomas 1994a).
In our experiments, fertilization occurred over a longer time frame than is usually considered in empirical examinations of fertilization efficiency in broadcast-spawning animals. At low velocities, fertilization continued for hours ( Fig. 2A,B ) as sperm were slowly released from clumps and strings of sperm that formed on the male's aboral surface and interacted with eggs retained on the female. Even at the highest flows, fertilization continued for close to 1 h (Fig. 2D) . In all experiments, PF was lowest in the first time frame (Fig. 2) ; then, depending on the nominal velocity, it either increased to a plateau level or continued to increase throughout the experiment because eggs left the experimental field before maximum fertilization was reached.
Most past research (but see Meidel & Yund 2001 , Yund & Meidel 2003 on urchin fertilization in the laboratory and field limited sampling to the first few minutes after spawning was initiated or gametes were released. To date, we do not know what controls the time lag we and other researchers (Yund & Meidel 2003 ) have seen in fertilization; however, this lag presents a very interesting question: If rapid dilution of gametes is a major factor limiting fertilization for broadcast-spawning invertebrates, why is there a time lag between spawning and maximum fertilization levels?
Across all velocities, > 90% of all fertilized eggs subsequently developed, thus mechanical damage (which can cause false fertilization envelopes, i.e. fertilization envelopes that rise even though eggs are not fertilized) and polyspermy were relatively low. We attempted to directly assay polyspermy, but eggs in our samples were routinely fertilized many minutes prior to collection, thus the sperm pronuclei had already decondensed at the time of sampling and could not be visualized with nuclear stains (Author's unpubl. data; see Franke et al. 2002 for more on this ap proach). Consequently, we can only infer maximum poly spermy levels from the reduction in development in live samples relative to pickled samples and conclude that when sea urchins are separated by 1 m, polyspermy will occur for <10% of the eggs across a range of flow conditions and fertilization locations.
These experiments were conducted in a unidirectional flume, and we recognize the limitation of these hydrodynamic conditions and the placement of the female directly downstream of a spawning male. However, the mainstream flows we used are likely to be relevant to urchin habitats in the Gulf of Maine. It is currently difficult to quantify hydrodynamic conditions in natural Strongylocentrotus droebachiensis habitats because populations have been greatly impacted by commercial harvesting, which has shifted the community structure from sea urchin barrens to macroalgae (see Steneck et al. 2004 and references therein), thus altering flow regimes. However, available evidence indicates that a large portion of the population lives below 8 m depth (Whitman & Dayton 2001) , and mean velocities measured in the Gulf of Maine on protected coastlines at comparable depths are generally < 0.10 m s −1 (Gaudette et al. 2006, P. Yund & F. Thomas unpubl. data) .
Fertilization in the water column may represent only a portion of total fertilizations, and the processes that control fertilization at other locations may play a major role in the efficiency of fertilization in many broadcast spawners. It is probable that broadcast spawning occurs over a continuum. At one extreme, all fertilization may take place in the water column (slow steady flow), while at the other extreme, all fertilization takes place at the female's surface as eggs are released (high unsteady flow). Between these extremes, fertilization takes place at multiple locations in the vicinity of spawning animals. The relative importance of these locations will differ among taxa and be mediated by local hydrodynamics, gamete properties, and animal morphology. It is probable that wave action plays a role in determining the relative importance of local fertilization, thus the continuum from water column to local fertilization could be distributed along a wave gradient such as shallow to deep sites.
To date, a body of literature has developed that explores processes controlling water column fertilization over relatively short time scales (e.g. Pennington 1985 , Denny 1988 , Levitan 1991 , Babcock et al. 1992 , Levitan et al. 1992 , Coma & Lasker 1997 , Wahle & Peckham 1999 , Crimaldi & Browning 2004 , Gaylord 2008 ). Considering our results, it seems clear that a broader approach that includes realistic flow regimes (Jumars et al. 2001) , consideration of animal morphology and gamete properties (Thomas 1994a ,b, Marshall et al. 2004 , along with time-integrated analysis of fertilization (e.g. Williams & Bentley 2002 , Yund & Meidel 2003 , Gaudette et al. 2006 , Lasker 2006 ) is required to fully understand the efficiency of fertilization in broadcast spawners. 
